The genetic and biological properties of 13 recombinant influenza A clones derived at 25°C from the A/AA/6/60-cold variant (by crosses with 4 different wild type strains) were compared with a set of 5-FU induced ts-mutants. The 5-FU mutants had previously been placed into 7 complementation-recombination groups; the A/AA/6/60-cold parent (PI-7) and the 12 cold recombinant clones which were ts were shown to share a lesion with only one of these groups. The parental strain and 5 recombinant clones were evaluated for replication in the lungs and nasal turbinates of hamsters. Each virus appeared to be attenuated; genetic stability correlated with the level of viral replication in the hamster lung, i.e., viruses which grew best showed a tendency to revert to the ts + phenotype. Characterization Of the ts + revertants for the presence of the cold adaptation property revealed that these viruses exhibited a spectrum of cold adaptation properties. Two viruses, PI-7 (the parental cold variant)and the Ct~6 recombinant (A/Queensland/6/72) did not revert in either the lungs or nasal turbinates of hamsters.
Introduction
Cold adapted variants of influenza A virus have been suggested as candidate live virus vaccine strains or as donors of attenuation factors to new antigenic variants. These viruses have been shown to be attenuated with respect to replication in man, mice, and ferrets (1--3, 7--10, 12, 22) . A potential advantage of cold variants as donors of attenuation genes is the association of an in vitro marker with this property. Thus, variants and recombinants can be assessed for the cold adaptation (ca,) property in tissue culture prior to evaluation in man. In addition many of the cold variants and recombinants are temperature sensitive in chick kidney and rhesus monkey kidney tissue culture (7--10, 13, 23, 26) . The ts property provides a second in vitro marker, and allows genetic analysis to determine the nature of the ts'lesi0n(s) in these viruses. As probes for ts lesions we have used 9 ts mutants of influenza A virus derived by 5 fluorouracil (SFU) mutagenesis. The 5 FU mutants have been placed into 7 complementation-recombinabion groups (25) on the basis of a eomplementation-recombination assay carried out directly on the tissue culture monlayer.
The updating of ts vaccine strains has been demonstrated in studies in which recombinants have been prepared using a well characterized ts strain, as a donor of attenuating genes to antigenically different wild type (wt) strains (15, 19, 21) . These recombinants were evaluated for several properties: i) genetic analysis was carried out by the complementation-reeombination assay to determine whether the recombinant viruses had each of the lesions present in the ts parent and only these lesions, ii) attenuation was evaluated by comparing the efficiency of plaque formation at 33 °, 37 °, 38 ° and 39 ° C and by studying restriction of growth in the lungs and nasal turbinates of infected hamsters, and iii) genetic stability was evaluated by studying the frequency of isolation of ts+ revertants from the lungs and nasal turbinates of infected animals. The present studies used the A/AA/6/60 cold variant as a donor of attenuating genes to 4 different wt strains. The 13 recombinant clones derived at 25 ° C were evaluated by the above 3 cliteria.
Materials and Methods

Viruses t8 Mutants
The production and characterization of the ts mutants and ts reeombin~nts used as prototypes for each of the complementation groups has been detailed previously (17, 19, 24, 25) . The history and phenotype of the viruses used in the hamster studies are summarized in Table I .
Cold-Adapted Variants and Recombinants
The derivation of prototype cold-adapted A/Ann Arbor/6/60 (I-I2N2) virus by successive multiple passages in chick kidney (CK) tissue at progressively lower temperatures has been described (7). This variant had been cloned by 7 successive plaque-toplaque passages in CK cells at 25 ° C before preparing working seed stocks by passage in eggs. Four recombination experiments were done to transfer cold-adaptation genes to wild-type H3N2 strains A/Queensland/6/72, A/Ann Arbor/9/73, A/I)unedin/4/73 and A/Scotland/840/74, and the recombinants derived were designated respectively CI~6, CR 12, CI% 13 and CR 18. The method of recombination by mixedly infecting CK cells at 25 ° C with wild-type virus and A/Ann Arbor/6/60 has been previously described (9, II), as has another slight modification of the technique t,o isolate 10 clones of cg 18 (6) .
Antigenic Analysis
The identity of the hemagglutinin (HA) in all recombinant cold-adapted viruses was determined initially by HI testing using ferret sera to the parental wild-type H 3 N 2 and cold-adapted I-I 2N 2 viruses. Confirmation of the identity was obtained by using antiserum to appropriate recombinant strains containing H 2 or H 3 hemagglutinin and the neuraminidase of A/equine/Prague/1/56 (Neq 1). The identity of the neuraminidase (NA) in recombinants was determined by NI testing using rabbit immune serum to the isolated NA of A/Ann Arbor/6/60 (5) or to a recombinant A/equine/ Prague/i/56 (Heq 1)-Port Chalmers/1/73 (N 2), since all wild-type H 3N 2 viruses used in this study possessed a neuraminidase antigenically similar to that of the A/Port Chalmers/1/73 (Kendal, unpublished observation).
Growth and Assay o/In]ectious Virus
The procedures used to produce virus suspensions and to assay their infectivity have been detailed previously (14, 16) . Infectivity was titrated by inoculation of serial 10-fold dilutions of a virus suspension into primary rhesus monkey kidney (I~MK) roller tube cultures or 24-well Costar tissue culture plates. After 3---5 days incubation at 33 o or 39 ° C the presence of virus was determined by hemadsorption with 0.1 per cent guinea pig erythrocytes.
Suspensions of ts mutants, cold variants, or cold reeombinants were prepared by allantoie inoculation of 10 day old embryonated eggs. The allantoic fluid was harvested after 48--72 hours incubation at 33 ° C. Embryonated eggs were obtained from either Truslow Farms (Chestertown, Maryland) or SPAFAS Inc. (Storrs, Connecticut).
Plaque assays were performed using RMK monolayers grown on plastic petri dishes. An agar overlay consisting of 0.9 per cent agarose, medium L-15 and antibiotics was used (14, 16) . In studies performed at restrictive temperatures (37 °, 38 ° and 39 ° C) the tissue culture plates were sealed in steel boxes which were placed in a constant temperature circulating water bath (maximum variation 0.05 ° C). Tissue cultures were purchased from Flow Laboratories, Inc. (Roekville, Maryland).
Studies comparing the efficiency of plating of virus strains and isolates at 25 ° and 33 ° C were carried out in CK cultures. The preparation of these cells from 1 to 4 day old chicks and the assay procedure have been previously described (7, 8) . The cultures consisted primarily of epithelial cells, but some fibroblasts were also observed.
Complementation-Recombination Assay
The technique for detection of complementation-reeombination on the assay plate has been deeribed previously (14, 25) ; it is outlined in the Results section.
Hamster Studies
Outbred female Syrian hamsters, 4~--6 weeks old, were obtained from Lakeview Animal Farms, Inc., (Philadelphia, Pennsylvania). Animals were anesthetized by intraperitoneal administration of pentobarbital, and 0.1 ml of virus suspension was administered intranasally. Each day for 1 to 4 days post-infection, groups of hamsters were anesthetized and their lungs and :nasal turbinates removed. The lungs from each animal were mixed with alundum, ground with a mortar and pestle, and suspended in 7.5 ml of Hanks' BSS containing 0.5 per cent gelatin and antibiotics (14) . After centrifugation at 1500X g for 15 minutes at 4 ° C, the supernatant was removed and stored frozen at --70 ° C. The turbinates were treated identically except that they were suspended in 4 ml of Hanks' BSS; this procedure resulted in an approximate 10 per cent w/v suspension for the lungs, and 5 per cent w/v for the turbinates.
The viral content of the tissues was determined by titration in RMK roller tube cultures or 24 well Costar tissue culture dishes maintained with a I :1 mixture of Eagle's medium and medium 199 containing antibiotics. Each 10-fold dilution of the tissue suspension was inoculated into 4 roller-tube cultures, and the presence of virus detected by hemadsorption after 3 days of incubation at 33 ° C (2 cultures) or 39 ° C (2 cultures). Viral titers of the tissue suspensions expressed as 50 per cent tissue culture infective doses (TCID~0) at 33 ° C were estimated by the method of I~AaBER (4). The fluid :medium from tissue cultures that had been inoculated with the undiluted tissue suspension and incubated at 330 C was saved and designated as the RMK isolate. Virus present in these isolates was subsequently tested for its ability to initiate plaque formation at 33 ° or 39 ° C.
Plaques Vhat appeared at 39°C were picked and inoculated onto t~MK tissue culture. The fluids from these cultures were harvested after 3 days incubation at 33 ° C. The RMK suspensions were subsequently used as inocula for 9 day old embryonated eggs. The virus in the allantoic fluid was then characterized for its ts and ca properties in RMK and CK tissue cultures respectively.
Results
Antigenic Analysis
Analysis by the HI technique indicated that each of the recombinant viruses had the hemagglutinin derived from the wild type parent ( Table 1) . Study of the reeombinants by the neuraminidase-inhibition technique (Table 2) indicated that the C1~6, CR12 and CR13 viruses had the neuraminidase characteristic of the wild type parent. Of the 10 clones derived from the A/AA/6/60-eold variant (PI-7) X Scotland cross, 6 had N260 antigen while 4 had N274 antigen. (20) ') The determination of these characteristics is described in the text
Characterization o/Cold Recombinants With Respect to E/]iciency o/ Plaque Formation (EOP)
None of the wt parental viruses formed plaques at 25 ° C ( Table 2 ). The plaque titer of the A/AA/6/60~eold variant (PI-7) and the 13 cold recombinants in CK cells was only slightly reduced at 25 ° C compared to 33 ° C. Thus the A/AA/6/60 cold variant (PI-7) and its 13 cold recombinant clones were cold adapted.
Replicate sets of RMK monolayers were inoculated with serial dilutions of the cold vaiiant or one of the cold recombinants and incubated for 3 days at 37 °, 38 ° or 39 ° C or for 5 days at 33 ° C. Table 2 presents the average log10 reduction of tiger at each of the 3 resti ictive temperatures with respect go tiler ag the permissive temperature (33 ° C). Two to three tests were performed oll different lots of RMK cells. The shutoff temperature of each mutant was arbitrarily chosen as the lowest temperature at which there was a 100 fold or greater decrease in tiger. The tiger of each of the parental viruses was the same at 33 °, 37 °, 38 ° and 39 ° C. Although all 13 recombinant clones were derived from the same cold parent (PI-7) there were 5 clones with a shut-off temperature of 37 ° C and 7 clones with a shuv-off temperature of 38 ° C. The A/Dunedin/4/73 recombinant (CR 13) was not temperature sensitive; i.e. it was not restricted in plaque formation ag 39 ° C and was therefore not suitable for genetic analysis. 
Genetic Charaeterization o/Cold Adapted Variants
The PI-7 parent and 12 cold recombinant ts clones were analyzed geneticMly by the plate complementation-recombination technique. The nine 5FU mutants previously assigned to 7 complementation groups were used as protot)Te strums (24) . The procedure has been detailed previously (24, 25) . Briefly, pairs of mutants were mixed and incubated at 4°C for 18 hours; serial dilutions of the mixtures were made and inoculated onto t~MK cell monolayer cultures which were then incubated at 39 ° C. Each of the mutants was also assayed separately by the plaque technique at 33 ° C and 39 ° C. The resulting titer at 33 ° C was used to estimate the multiplicity of input (MOI). Few if any plaques developed following incubation of singly infected cultures at 39 ° C. In each test wild type influenza A/Hong Kong/ 1968 virus and/or the wt parental strains were assayed at 33 ° C and 39 ° C and the titers were always approximately equal at the 2 temperatures. Complementation was assumed to occur in dually infected cells incubated at 39 ° C when the number of plaques which developed equalled or exceeded the number expected assuIning a Poisson distribution of dually infected cells and an efficiency of plaque formation by such cells of 100 per cent.
The results summarized in Table 3 represent at least 4 tests for each mutant pair. All 10 clones of the CI~ 18 recombinant exhibited the same genetic behavior, therefore only the results with CR 18 clones 6 and 7 are presented as these 2 clones were subsequently used in the hamster studies. The data suggest that the A/AA/6/ 60 cold variant (PI-7) and the 12 ts cold recombinants all share the ts lesion represented by complementation group 1. Based on Poisson distribution, assuming that it is necessary for a cell to receive one plaque forming unit of each virus to produce a plaque at 39 ° C. The formula 
Biological Characterization o/Cold Adapted Variants in Hamsters
Previous studies with ts mutants of influenza A virus had demonstrated ~ correlation between the level of temperature sensitivity and the degree of restriction of replication in the hamster's lungs, i.e. the lower the shut-off temperature the greater the restriction of replication (14, 20, 25) . Since the cold adapted parent PI-7 and its recombinants differed in temperature sensitivity, it, was possible that a gradient of restriction of pulmonary viral replication might also be observed.
Hamsters were therefore inoculated intranasally with the PI-7 cold adapted parent, one of the cold recombinants, either C1%6 or Ct~ 12, or with the homologous wild type virus. In addition, the ts-[189] (5FU mutant) and its homologous Udom wild type parent were studied (Tables 1 and 4) . The ts-[189] virus was chosen since genetic studies had shown that it had the group 1 Iesion and 37 ° C shutoff temperature (19) .
24 hamsters were infected with each virus and the lungs and nasal turbinates of 6 individual hamsters were harvested daily for 4 days and analyzed for virus Maximum virus yields: *=~day 1, +=day 2, ** virus titers on days 1 and 2 were essentially the same, ++ virus titers on days 2 and 3 were essentially the same b See Table 1 for wild type parent of each variant e Isolates from day 1--4 were tested for revertant virus. Although 24 hamsters were inoculated with each virus not all animals were infected; in addition some isolates did not, yield sufficient virus for titration a Standard error e The ratios of PFU at 39 ° C/PFU 33 ° C were 0.01 and 0.001 respectively The ratio of PFU at 39 o C/PFU 33 ° C was 0.0001 content. The 3 viruses (P 17, CR 6 and ts-[189]) with the lower shutoff temperature, i.e. 37 ° C, were more restricted in replication in the lungs than was the Ct~I2 recombinant which had a 38 ° C shut off temperature. In addition each of these viruses manifested a greater level of restriction in the waimer lower respiratory tract (37 ° C) than in the cooler upper respiratory tract (34 ° C).
To determine whether reversion to the ts + phenotype occurred during replication in the hamster two assays were used: i) roller tube cultures were inoculated with organ homogenates, incubated at 39°C and subsequently tested for hemadsorption, ii) isolates from RMK roller tube cultures incubated at 33°C were evaluated for their ability to form plaques at 33 ° C or 39 °. I~evertant (ts+) virus was not found in the lungs of any of the animals despite the fact that the isolates obtained from the lungs grew to titers of 102 to 107 PFU/ml when assayed in RMK cells at the permissive temperature. Most isolates were assayed twice on 2 separate lots of RMK monolayers. Isolates from the nasal turbinates of two animals inoculated with the CR 12 virus however, yielded virus whose titer in RMK cells at 39 ° C was 0.1, or 1.0 per cent of its titer at 33 ° C indicating that revertant virus was present as a minor subpopulation in the isolate. Also one of 11 hamsters infected with ts [189] yielded ts+ virus with a ratio of PFU at 39 ° C/PFU at 33 ° C of 0.0001. The properties of these ts + revertants as well as several isolated in subsequent experiments are discussed below.
In a second study the genetic stability of the CR 12 recombinant was compared with that of the ts-1 [El and is-(clone 13) viruses. The CR12 recombinant was chosen, since of the 3 cold adapted viruses it grew to the highest titer in the hamster respiratory tract. Ts-1 [El was selected because it has been well characterized in man (15) and in hamsters and like CR-12 has the group 1 ts lesion and a 38 ° C shut-off temperature (24) ; ts-(clone 13) has the group 1 ts lesion and a 39 ° C shut-off temperature (20, 21) . Fifteen hamsters were inoculated with one of the ts viruses or with CR 12, and all animals were sacrificed on day 2 since previous studies indicated that this was the day of maximum virns replication for these viruses. When tested in parallel, the CRI2 recombinant appeared to be more stable genetically than either the ts-1 [El or ts-[clone 13] virus (Table 5 ). More than half the animals infected with the latter 2 viruses (9/14 and 10/15 respectively) had "revertant" virus in the lung isolates, whereas "revertant" virus was found in the lungs of only one of the I0 hamsters infected with Cl~ 12.
The low level of reversion observed in hamsters infected with the PI-7, CR6 and CR 12 viruses suggested that these viruses might be more stable genetically than ts viruses derived by 5FU mutagenesis. However, neither the PI-7 or CR6 viruses replicated to high tiler in the hamster's lungs. Previous studies with ts viruses indicated that the level of reversion was related to the level of replication in the hamster's lungs (18, 20, 25) . We therefore initiated a third study using PI-7, CR 18 clone 6, CR 18 clone 7 and their parental wild type strains (Table i) to infect hamsters. Both clones 6 and 7 had the hemagghtinin and neuraminidase antigens of the Scotland parent, but differed in that clone 6 had a shut-off temperature of 38 ° C, while clone 7 shut-off at 37 ° C.
As seen in Table 6 : i) both CR 18 clones replicated well in the hamster hmg; ii) clone 6, which had the higher shut-off temperature, grew to higher titer than. clone 7; iii) the level of replication in the tung and the frequency of reversion to the ts+ phenotype of these 2 clones was comparable to that of the ts-1 [El and a Maximum virus yields: *~day t, +=day 2, **=virus titers on days 1 and 2 were essentially the same See Table 1 
Characterization o/ts + Virus Isolated From Hamster Organs
To study ts + virus isolated (RMK1) I from animals infected with Clgl2 or CI{ 18 we picked plaques which appeared at 39 ° C when isolates from turbinates or lungs were titrated on RMK monolayers. These plaques (RMK 2) were subsequently Plaques were picked from monolayer cultures inoculated with the isolate derived from individual hamster organs and incubated at 39 ° C. In the case where several plaques were picked from a single isolate the designation a, b, etc., is used b NT nasal turbinate c Cold adapted viruses are selected on the criteria that they produce plaques on chick kidney cells at 25 ° C and that the plaques start to appear at 3 days after inoculation and increase in size with time; hence the designation early, normal. The plaques described as minute and late do not appear until 5 to 7 days after inoculation and do not increase in size a See text for discussion. CA cold adapted, NCA not cold adapted, INT intermediate 1 Indicates the number of passages in culture of virus from the lung or turbinate homogenate.
passaged once in IgMK roller tubes (33 ° C) ; egg pools were then prepared using the roller tube virus as inoculum. These egg pools (RMK3, Egg 1) were then characterized for the ts property by titration at 33 ° C and 39 ° C on RMK monolayers and for the ca property by titration at 25 ° and 33 ° C on CK monolayers (Table 7 ). All 12 isolates studied were ts +, however, the ratios of PFU at 390/33 ° C varied from 0.0001 to 1. The majority of these ratios differed from that of the initial RMK isolate and suggest that either the initial isolate (RMK 1) was heterogenous or that the population of ts + viruses changed during passage to the RMK3, Egg 1 passage level.
When the ts + viruses were studied for their ca property three types of clones were seen (Table 7) : i) cold adapted: i.e., the ratio of PFU 25o/33 ° C was between 0.1 and 1; plaques appeared in 3--5 days and increased in size with time (6 clones) 2 ; ii) not cold adapted, i. e., no plaques appeared at 25 ° C (1 clone) ; iii) intermediate, i.e., the ratio of PFU 25°/33° C was between 0.1 to 0.01; the plaques appeared at 5--7 days and did not increase in size (5 clones). The ca phenotype did not appear to correlate with the ratio of PFU 39°/33 ° C. In the 2 cases where more than one ts + clone was derived from the turbinates of a single animal differences in the ratio of PFU 39o/33 ° C and the ca property were noted.
Diseussion
The Nature o/ the Genetic Lesion (8) Previous analysis showed that the A/Ann Arbor/6/60 cold variant contained a single conditionally let:hal ts lesion which failed to complement with ts mutants of group 1 (23) . The present study confirms this finding and demonstrates that in 3 of 4 recombination expeliments carried out at 25 ° C the gene carrying the conditionally lethal ts lesion of the A/Ann Arbor/6/60 parent was transferred to other strains of the H3N2 subtype (CR6, CR12, C1%18). The overall degree of temperature-sensitivity of the recombinant viruses varied however, as judged by their shut-off temperature when titrated in RMK cells.
The mechanism(s) responsible for the different level of temperature-sensitivity of the cold adapted recombinants remains unknown. It is possible that the gene(s) that are responsible for the temperature-sensitive phenotype have multiple nueleotide substitutions and that reversion or suppression of these alterations can result in a decrease in the level of temperature-sensitivity. In addition the level of temperature-sensitivity could be modified by the action of non-ts lesions in genes coming from either parent.
RNA mapping studies of reeombinants deriving cold-adaptation and conditionally lethal ts properties from A/AA/6/60 show that these can only be specified by at most three genes : RNA band 3 (coding for one polymerase polypeptide), the nucleoprotein, and the matrix protein genes (6, 6a, 12) . Biochemical analysis of the recombinants is continuing in an attempt to determine which of these three genes contains the conditional lethal ts lesion, and how many of these genes are essential for cold adaptation. The finding that CR 13 recombinant is cold-adapted but not ts suggests that ts and cold-adaptation lesions may be on separate genes which segregated during recombination; however several alternative explanations are possible.
Biological Properties o/ the Cold-Adapted Viruses
Previous studies with ts mutants of influenza A virus demonstrated that restriction of replication in hamster lung was greatest for the most temperaturesensitive viruses. This suggested that it is the ts property itself which is responsible for the lower growth in the hamsters lungs (temperature 37 ° C) compared to the upper respiratory tract (34 ° C) (18, 20, 25) . Results with cold-adapted viruses described here are consistent with this hypothesis, in that those mutants with the shut-off temperature of _~37°C (A/Ann Arbor/6/60 mutant, CR6 and CR18, clone 7) were more restricted in growth in hamster lungs than mutants with a shutoff temperature of 38 ° C (CR 12 and CR 18 clone 6).
Our analysis of the reversion to ts + phenotype of mutants following replication in hamster lungs provide some support for another previous observation, that ts + revertants are most frequently detected for mutant viruses that replicate to the highest titers in the hamster lungs (20, 25) . Thus, revertants were not found for the mutant A/Ann Arbor/6/60 parent or its recombinant CR6, both of which replicated poorly in hamster lungs, whereas revertants were consistently found for recombinants CR12, CR18 clone 6 and CR18 clone 7 which replicated well in hamster lungs.
Characterization of the ts + viruses isolated from hamster lungs infected with CR 12 or CR 18 recombinants showed that reversion of the ts phenotypic property was only rarely accompanied by total loss of the cold-adaptation phenotypic property. This provides an assurance about the potential safety of cold-adapted viruses as live vaccine strains, since it is probable that viruses retaining some coldadaptation properties will still be restricted in their ability to cause disease or to be highly transmissible in man. This potential safety factor must be added to the other observations that; i) ts + revertants are found only as a small proportion of the total virus produced in hamster lungs (above), and ii) human volunteers infected with a cold-adapted recombinant derived similarly to those studied here shed very low levels of virus for only a short period of time (12) .
The preliminary characterization of ts + virus isolated from hamsters also suggests that the ts and ca properties can be dissociated. Further insight into the roles of the ts and ca properties may emerge from studies: i) comparing the replication of ts + revertants and the ts parent in the hamster lung ii) comparing the replication of recombinants derived from a cross of the A/Ann Arbor/6/60 cold variant and a particular wt strain and selecting for study a set of recombinants having all of the possible combinations of the ca and ts properties.
